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SEGMENTED COPOLYESTERS AS COMPLIANT, ABSORBABLE COATINGS AND 

SEALANTS FOR VASCULAR DEVICES 

This application claims the benefit of prior provisional application U.S. Serial No. 
60/422,653, filed October 31, 2002. 

FIELD OF THE INVENTION 

The invention relates to improving the biocompatibility of vascular devices, including 
vascular grafts and endovascular grafts through using segmented copolyesters, which may be 
carboxyl-bearing, as compliant, absorbable coatings and sealants of these devices. 

BACKGROUND OF THE INVENTION 

It is well acknowledged that the biocompatibility requirements of successful blood 
contacting devices exceed those expected of those interfacing with most biological tissues 
because of the more complex interaction of blood components with these devices. Among the 
most important types of blood contacting devices, which are noted for their critical functional 
requirements are synthetic vascular grafts, endovascular stent grafts, and endovascular stents. 

Synthetic vascular grafts made primarily of expanded polytetraethylene (E-PTFE) and 

woven or knitted polyethylene terephthalate (PET) are most commonly used. Synthetic vascular 

grafts implanted as large vessel replacements have achieved a reasonable degree of success. 

However, medium- and small-diameter prostheses (less than 6 mm in diameter) loss of patency 

within several months after implantation is more acute. Graft failure due to thrombosis or 

intimal hyperplasia with thrombosis is primarily responsible for failure within 30 days after 

implantation. Intimal hyperplasia formation is the reason for failure within 6 months after 

surgery. Shortly after implantation, a layer of fibrin and fibrous tissue covers the intimal and 

outer surface of the prosthesis, respectively. The fibrin is then replaced by a layer of fibroblasts 

referred to as neointima. In the latter stages, neointimal hyperplasia formation takes place and 
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ultimately results in the occlusion of the vessel in small-diameter grafts. Events leading to 
occlusion have been related to less than optimal chemical and/or mechanical biocompatibility of 
the graft-surface and discontinuity of the mechanical properties across the anastomotic site, due 
to differences in mechanical compliance between the natural vessel and synthetic graft. 
Accordingly, most of the prior art on synthetic vascular grafts dealt with improving the graft 
compliance and/or modifying its luminal surface to intervene with events leading to occlusion. 
However, most, if not all, efforts have been associated with limited success in the small-and 
medium-diameter grafts. Other unsolved problems of synthetic vascular grafts which require 
serious attention to optimize their performance include: (1) bleeding at suture needle holes; (2) 
blood leakage through the graft walls; and (3) infection due to contamination during surgery. 
These unsolved problems and consistent needs for improving the biocompatibility at the blood- 
graft interface justified the exploration of the novel sealants and coatings for synthetic grafts 
subject of this invention. In effect, certain aspects of the present invention deal with similar 
complications encountered in endovascular stent grafts. Equally important is the fact that most 
of the events leading to graft occlusion contribute to the failure of endovascular stents placed in 
the blood vessel to prevent restenosis following angioplasty. A key factor leading to the 
functional failure of endovascular stents is manifested in post-operative restenosis due, in part, to 
smooth muscle cell proliferation across the stent. And certain components of the present 
invention deal with novel corrective measures to stent functional failure and restenosis. 
Accordingly, the present invention deals with sealants and coatings for synthetic vascular grafts, 
and endovascular stent grafts that (1) improve the mechanical and barrier properties of vascular 
grafts; (2) minimize or eliminate events leading to functional failure of endovascular stent grafts 
and different types of conduit stabilizing stents; (3) are designed to release necessary bioactive 
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agents which prolong the functional performance of the specific device; and/or (4) provide a 
timely release of antimicrobial agents to prevent and/or treat infection. 

SUMMARY OF THE INVENTION 

The present invention deals with absorbable polymeric sealants and coating for vascular 
devices comprising compliant, segmented copolyesters and polyether-esters that may carry 
carboxylic groups for ionic conjugation with basic bioactive agents for improved functional 
performance in the biologic environment, including biocompatibility and preventing leakage and 
infection. The coating and sealant can be used specifically in conjunction with vascular grafts, 
endovascular stent grafts, and different types of conduit stabilizing stents. 

Accordingly, the present invention is directed to an absorbable sealant for biomedical 
devices which is a segmented copolyester having a molecular weight of more than 5 kDa, a glass 
transition temperature of less than 35°C, and low degree of crystallinity evidenced by a heat of 
fusion of less than 25 J/g. Specifically, the present inventive composition may be employed as a 
coating or sealant for a variety of biomedical devices such as synthetic vascular grafts, 
endovascular stent grafts, and conduit stabilizing stents. 

In one embodiment, the segmented copolyester of the present invention is made by a 
process which requires reacting at least one cyclic monomer such as trimethylene carbonate, e- 
caprolactone, p-dioxanone, glycolide, lactide, or l 5 5-dioxepan-2-one with a polyhydroxy 
compound, thereby forming an amorphous, polyaxial polymeric initiator, and end-grafting at 
least one cyclic monomer such as trimethylene carbonate, s-caprolactone, p-dioxanone, 
glycolide, lactide, or l,5-dioxepan-2-one onto the polyaxial initiator. 

In another embodiment, the segmented copolyester of the present invention is made by a 
process which requires end-grafting a polyalkylene succinate with at least one cyclic monomer 
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such as trimethylene carbonate, e-caprolactone, p-dioxanone, glycolide, lactide, or 1,5-dioxepan- 
2-one. 

In yet another embodiment, the segmented copolyester of the present invention is made 
by a process which requires end-grafting a polyalkylene glycol with at least one cyclic monomer 
such as trimethylene carbonate, e-caprolactone, p-dioxanone, glycolide, lactide, or 1,5-dioxepan- 
2-one. 

In at still further embodiment, the segmented copolyester of the present invention is made 
by a process which requires end-grafting a block copolymer of polyethylene glycol and 
polypropylene glycol with at least one cyclic monomer such as trimethylene carbonate, s- 
caprolactone, p-dioxanone, glycolide, lactide, or 1 ,5-dioxepan-2-one. 

Alternatively, the segmented copolyester is a polyether-ester. 

It is also within the scope of the present invention for the segmented copolyester to 
include pendant carboxyl-bearing side groups. Such carboxyl-bearing copolyester is may be 
made by a process which includes the steps of reacting a segmented copolyester with maleic 
anhydrid under free-radical conditions, thereby introducing at least one anhydride group per 
chain, and hydrolyzing the anhydrid-bearing copolyester, thereby forming succinic acid based 
side groups. For this embodiment it is preferred that the segmented copolyester is a polyether- 
ester. Such carboxyl-bearing segmented copolyester may be ionically conjugated with a basic 
bioactive agent such as an antithrombotic drug. 

Generally, any segmented copolyester in accordance with the present invention may be 
admixed with a further polyether ester, the further polyether ester having pendant carboxyl- 
bearing side groups and ionically conjugated with a basic bioactive agent, wherein the segmented 
copolyester and the further polyether ester are mixed at a ratio of between about 9: 1 and about 
2:8. As such, it is preferred that the further polyether ester is a liquid at room temperature and 
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that the farther polyether-ester is made by a process which requires end-grafting a liquid 
polyethylene glycol with trimethylene carbonate and glycolide. 

Generally, the present absorbable sealant may be formulated with at least one bioactive agent 
such as an anticoagulant agent, an antiproliferative agent, an antithrombotic agent, an anti- 
inflammatory agent, an antineoplastic agent, an antiangiogenic agent, or an antibiotic agent. 

The present invention is also directed to an absorbable sealant which is an ionic conjugate 
made by a process which requires reacting a basic bioactive agent such as an anticoagulant agent, 
an antiproliferative agent, an antithrombotic agent, an anti-inflammatory agent, an antineoplastic 
agent, an antiangiogenic agent, or an antibiotic agent with an absorbable, carboxyl -bearing 
polyester having a molecular weight of less than about 10 kDa. 

The present invention is also directed to an absorbable coating which is an ionic conjugate 
made by a process which requires reacting a basic bioactive agent such as an anticoagulant agent, 
an antiproliferative agent, an antithrombotic agent, an anti-inflammatory agent, an antineoplastic 
agent, an antiangiogenic agent, or an antibiotic agent with an absorbable, carboxyl -bearing 
polyester having a molecular weight of less than about 10 kDa. 

The present invention is also directed to an absorbable sealant which is a blend of a solid 
matrix of a carboxyl-bearing copolyester and a liquid carboxyl-bearing polyether-ester, the blend 
further including at least one basic bioactive agent such as an anticoagulant agent, an 
antiproliferative agent, an antithrombotic agent, an anti-inflammatory agent, an antineoplastic 
agent, an antiangiogenic agent, or an antibiotic agents, wherein the basic bioactive agent is at 
least partially conjugated with the carboxyl groups of at least one of the solid matrix and the 
liquid polyether-ester. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

In general, this invention deals with absorbable, segmented copolyesters having a 
molecular weight of more than 5 kDa, a glass transition temperature of less than 35°C, and low 
degree of crystallinity associated with a heat of fusion of less than 25 J/g for (1) coating or 
sealing synthetic vascular grafts and stent grafts, particularly those made of E-PTFE, PET and 
segmented polyurethanes (S-PU), and (2) coating different types of conduit stabilizing stents. A 
specific aspect of this invention deals with an absorbable coating and sealant comprising a 
polyaxial segmented copolyester made by the copolymerization of two or more cyclic monomer 
such as trimethylene carbonate, e-caprolactone, p-dioxanone, glycolide, lactide, l,5-dioxepan-2- 
one. The polyaxial segmented copolyesters were prepared using similar procedures to those 
described in U.S. Patent No. 6,462,169. Another aspect of the invention deals with improving 
the sealant or coating barrier properties that entails treating the polyaxial, segmented copolyester 
on the vascular device with a diisocyanate, such as diisocyanato-hexane, to crosslink said 
polymers. Another specific aspect of this invention deals with an absorbable coating and sealant 
comprising a linear segmented copolyester made by end-grafting a polyalkylene glycol, such as 
polyethylene glycol or a block of polyethylene glycol and polypropylene glycol with one or more 
cyclic monomer such as trimethylene carbonate, s-caprolactone, p-dioxanone, glycolide, lactide, 
l,5-dioxepan-2-one. Another specific aspect of this invention deals with an absorbable coating 
and sealant comprising a segmented copolyester made by end-grafting a polyalkylene succinate 
such as polyethylene succinate and polytrimethylene succinate with one or more cyclic monomer 
such as trimethylene carbonate, s-caprolactone, p-dioxanone, glycolide, lactide, l,5-dioxepan-2- 
one. Another aspect of this invention deals with an absorbable coating and sealant comprising 
the aforementioned groups of segmented copolyesters having one or more succinic acid side 
groups introduced onto the main chain of copolyesters by a process referred to herein as C- 
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succinylation, which entails (1) grafting the segmented copolyester with maleic anhydride (a 
process referred to herein as C-succinylation, to form a C-succinylated product) in the presence 
of a free-radical initiator such as benzoyl peroxide or 2, 2'-azo bis (3-methylpropionitrile) and 
preferably in the presence of an appropriate solvent such as toluene or dioxane at such 
temperature to allow adequate mixing of the reaction components above 25°C and preferably 
between 30 and 100°C; and (2) isolating the addition product comprising one anhydride group at 
each reaction site and hydrolyzing such group to yield the succinic acid side groups. 

Another aspect of this invention deals with immobilizing, ionically, one or more basic 
bioactive agent to the carboxyl-bearing segmented copolyester to allow a timely release of such 
agents in the biological environment to support desirable pharmacological or cellular events — for 
example, antiplatelet, antiproliferative, antineoplastic, anticarcinogenic, antithrombotic, and/or 
anti-inflammatory agents. A more specific aspect of this invention deals with an absorbable 
coating or sealant comprising carboxyl-bearing, segmented copolyesters upon which is 
immobilized an antithrombotic agent such as dipyridamole. Another specific aspect of this 
invention deals with absorbable sealants or coatings for synthetic vascular grafts (including those 
made of polyurethanes, PET and E-PTFE) comprising segmented copolyesters of the types noted 
above, without being C-succinylated. Another aspect of this invention deals with a vascular graft 
sealant based on unsuccinylated and/or C-succinylated polyaxial segmented copolyester. 
Another aspect of the invention deals with sealants or coatings mixed with an ionic conjugate 
of a low-molecular weight (less than 10 kDa) C-succinylated polyaxial segmented copolyester or 
linear polyether-ester and a basic anticoagulant, antineoplastic, or antimicrobial drug. A specific 
aspect of this invention deals with a vascular graft sealant or coating comprising an ionic 
conjugate of a C-succinylated, segmented copolyester or polyether-ester from one of the groups 
noted above and a basic antithrombotic drug, such as dipyridamole mixed with an ionic 
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conjugate of the same drug or a similar one that is linked to an absorbable low-molecular weight 
(less than 10 kDa) carboxyl-bearing copolyester that is preferably made by the copolymerization 
of trimethylene carbonate and s-caprolactone in the presence of malic acid as the initiator. 
Alternatively, the latter sealant/coating can be mixed with a liquid conjugate made of a liquid C- 
succinylated copolymer and the basic drug wherein the polymer is produced by end-grafting a 
mixture of trimethylene carbonate and glycolide onto liquid polyethylene glycol. This invention 
also deals with a process for making the ionic conjugate which entails dissolving a specific 
polymer and the drug in a protonic solvent, such as hexafluoroisopropyl alcohol or 
trifluoroethanol, to obtain a true solution. The solvent can then be evaporated under reduced 
pressure to obtain the dry solid or liquid conjugate. 

A more general aspect of this invention deals with absorbable coatings or sealants of 
conduit stabilizing stents and vascular devices, including vascular grafts and endovascular stent 
grafts, wherein said sealants or coatings comprise a segmented polyaxial copolyester, linear 
segmented polyether-ester, which may be C-succinylated and mixed with an ionic conjugate, 
which may be liquid at room temperature. The latter can be based on a low molecular weight C- 
succinylated polyaxial segmented copolyester or linear segmented polyether-ester. A specific 
aspect of this invention deals with a partially C-succinylated polyaxial segmented copolyester 
coating or sealant that is partially conjugated ionically with a bioactive agent including one of 
the following: antithrombotic (e.g., dipyridamole), antiangiogenic peptide (e.g., lanreotide) and 
an antimicrobial agent. 

Another aspect of this invention deals with sealants or coatings containing a liquid ionic 
conjugate of a bioactive agent. This invention also deals with a bioactive agent that is held 
ionically and independently to both a liquid carboxyl-bearing absorbable or water-soluble 
polymeric additive and the solid matrix of said vascular graft sealant. 
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Described below are illustrative examples of the invention. It will be understood that 
these examples do not in any way constrain the scope of this invention. Modification to some, as 
appreciated by the artisan, are also contemplated. 

Example 1 

Synthesis of segmented polyaxial copolvester TPAX-D using 21/30/4 (molar) 
caprolactone/trimeth vlene carbonate/glvcolide copolymer as triaxial initiator and end-grafting 
with 40/5 relative molar parts of /-lactide/caprolactone 

Glycolide (22.74 g, 0.2 mole), trimethylene carbonate (149.94 g, 1.47 mole), 

caprolactone (1 17.31 g, 1.03 mole), triethanolamine (1.34 g, 9 mmole), and stannous octanoate 

(3.86 x 10" 4 mole as 0.2 M solution in toluene) were added under dry nitrogen atmosphere to 

1 .0 L resin kettle equipped with a mechanical stirrer. The reactants were melted at 85°C under a 

nitrogen purge and then heated to 1 80°C. The formation of the polymeric initiator was 

completed after heating at 180°C for 160 minutes. The product was cooled to room temperature 

and a mixture of Mactide (282.24 g, 1.96 mole) and caprolactone (27.93 g, 0.25 mole) was added 

under nitrogen atmosphere. The reactants were heated to 85°C under a nitrogen purge. And the 

final polymer formation was initiated after heating between 195 to 200°C for 15 minutes until 

complete dissolution of the triaxial initiator. This was followed by heating for 23 hours at 

140°C. The polymer was isolated, dried, and heated under reduced pressure to remove residual 

monomer. The polymer was purified by precipitating its methylene chloride solution in cold 2- 

propanol. The purified polymer was dried and characterized by NMR and IR (for identity), DSC 

for thermal transition (T m = 148°C; AH - 19 J/g) and inherent viscosity (I.V.) in chloroform for 

molecular weight (I.V. = 1.14 dL/g). 
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Example 2 

Synthesis of segmented polyaxial copolyester (PAX-ID using 26/26/4 ("molar') 
caprolactone/trimethvlene carbon ate/glvcolide copolymer as triaxial initiator and end-grafting 
with 40/4 relative molar parts of /-lactide/caprolactone 

Using the monomer ratios noted above, the polymeric initiator was prepared and the end- 
grafting was conducted as described in Example 1 using proportional amounts of triethanolamine 
and stannous octanoate. The product was isolated and purified as described in Example 1 . The 
purified polymer was characterized by NMR and IR (for identity), DSC for thermal properties 
(T m = 142°C; AH = 13 J/g), and molecular weight by GPC in methylene chloride (M„ = 71 kDa; 
M w = 200 kDa). 

Example 3 

Preparation of a linear segmented polvether-ester 
This was accomplished by first end-grafting polypropylene glycol-b-ethylene glycol) 
having a molecular weight of 3300 Da (22.24 g, 6.74 mmole) with e-caprolactone (1 17.42 g, 
1.03 mole) and trimethylene carbonate (22.74 g, 0.196 mole) in the presence of stannous 
octanoate (0.385 mmole). The reaction was conducted at 180°C for 2 hours in a mechanically 
stirred reactor under dry nitrogen atmosphere. To the reaction product /-lactide (282. 1 8 g, 1 .96 
mole) and e-caprolactone (27.92 g, 0.245 mole) were added at 120°C. The mixture was 
homogenized by stirring while heating (up to about 200°C) for several minutes. The 
polymerization mixture was then cooled to 140°C, and the reaction was continued for 24 hours. 
The product was isolated and purified by precipitating its methylene chloride solution in cold 
2-propanol. The solid product was isolated and dried under reduced pressure at 25, 40, and 80°C 
until a constant weight is attained. The dry polyether-ester was characterized for identify (IR, 
NMR) thermal properties (DSC), and molecular weight (viscometry and GPC). It was shown to 
have the following properties: T m = 144°C; AH - 14 J/g; inherent viscosity = 1.20 dL/g; 
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M n = 87kDa; M w = 157 kDa. 

Example 4 

C-Succinvlation of polyether-ester 
An aliquot of the polyether-ester from Example 3 (25 g) was dissolved in dry dioxane 
(1 50 mL) and mixed with benzoyl peroxide (360 mg) at 85°C for 4 hours. The reaction product 
was cooled to 25°C and precipitated in ice-water. The product was isolated and left at room 
temperature prior to drying until no residual anhydride groups were detected. The infra-red 
spectra of the dry sample was cast from a chloroform solution. The carboxylic acid-bearing C- 
succinylated product was then dried under reduced pressure at 25, 40, and 80°C until a constant 
weight was obtained. The dry C-succinylated product was characterized for identity (IR, NMR), 
molecular weight (GPC), and thermal properties (DSC). 

Example 5 

Preparation of carboxvl-bearing absorbable lactide/glvcolide copolvesters (PLG-Q 
/-Lactide and glycolide were transferred under a dry nitrogen environment into a 
predried reactor equipped for mechanical stirring. A hydroxy acid initiator (e.g., malic or citric 
acid) was added to the monomer mixture at a monomer/initiator molar ratio that provided the 
desired molecular weight, each initiator molecule resulted in one polymeric chain. The 
polymerization charge was heated to about 1 10°C until a liquid system formed. To this was 
added 0.2 molar solution of stannous octanoate catalyst at a monomer/catalyst molar ratio of 
5000 to 10000. The polymerization mixture was heated at 160°C for 15 hours or until all the 
monomer was practically consumed (as monitored by GPC). At the conclusion of the 
polymerization, the polymer was heated at 1 10°C under reduced pressure to remove traces of 
unreacted monomer. The polymer was then characterized for identity (by IR) and molecular 
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weight (using GPC in dichloromethane). A summary of the polymerization batch charge and 
scheme of typical polymers, and pertinent analytical data is provided in Table I. 
Table I. Preparation and Properties of Carboxyl-bearing Lactide/Glycolide Copolyesters 



Polymer 


Charge 


Initiator 8 
Type, 
M/I 


Catalyst 
M/Cat b 


Polymerization 
Conditions, 
Temp°C / 
Time, Hr 


GPC Data 


Monomer 


Mole 


Gm 


Mn, 
Da 


Mw, 
Da 


PDI 


A 


Lactide 
Glycolide 


0.4 
0.1 


57.6 
11.6 


Citric 
Acid, 10 


4,500 


160/1, 
180/10 


1,680 


2,430 


1.45 


B 

a \/f/T - IV/ 


Lactide 
Glycolide 


0.4 
0.1 

r^f 


57.6 
11.6 


Citric 
Acid, 7.7 


4,500 


160/1, 
180/12 


1,420 


1,950 


1.37 



Example 6 

Preparation of carboxvl-bearing copolvester caprolactone/glycolide (PCLG-Q 
A mixture of e-caprolactone(l 15.3 g), glycolide (6.17 g), and malic acid (28.53 g) were 
melt copolymerized using stannous octanoate as a catalyst (monomer/catalyst ratio = 5000/1). 
The polymerization was conducted in a mechanically stirred reactor under dry nitrogen 
atmosphere by heating at 150°C for 16 hours when practically all monomers were consumed. 
Traces of residual monomers were removed by evaporation under reduced pressure at 80°C. The 
resulting liquid polymer was shown by GPC to have an M n = 1290. 



Example 7 

Preparation of PCLG-C ionic conjugate with dipyridamole 
An aliquot of PCLG-C was codissolved with the required amount of dipyridamole in 
trifluoroethanol (TFE) to provide an ionic conjugate where half of the carboxyl groups are 
neutralized with dipyridamole. The ionic conjugate was obtained by evaporating TFE under 
reduced pressure at 25°C until a constant weight is attained. 
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Preferred embodiments of the invention have been described using specific terms and 
devices. The words and terms used are for illustrative purposes only. The words and terms are 
words and terms of description, rather than of limitation. It is to be understood that changes and 
variations may be made by those of ordinary skill art without departing from the spirit or scope 
of the invention, which is set forth in the following claims. In addition it should be understood 
that aspects of the various embodiments may be interchanged in whole or in part. Therefore, the 
spirit and scope of the appended claims should not be limited to descriptions and examples 
herein. 
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